Abstract: Phylogenetic relationships of the phytopathogenic Gibberella fujikuroi species complex were investigated by maximum parsimony analysis of DNA sequences from multiple loci. Gene trees inferred from the 13-tubulin gene exons and introns, mitochondrial small subunit (mtSSU) rDNA, and 5' portion of the nuclear 28S rDNA were largely concordant, and in a combined analysis, provide strong statistical support for a phylogeny consistent with species radiations in South America, Africa, and Asia. These analyses place the American clade as a monophyletic sister-group of an African-Asian clade. Africa is the most phylogenetically diverse area examined with 16 species, followed by America (12 species) and Asia (8 species). The biogeographic hypothesis proposed from the phylogenetic evidence is based primarily on the formation of natural barriers associated with the fragmentation of the ancient super-continent Gondwana. Discordance of the nuclear ribosomal internal transcribed spacer (ITS) based tree with gene trees from the other loci sequenced is due to nonorthologous ITS2 sequences. The molecular evidence suggests the divergent ITS2 types were combined by an ancient interspecific hybridization (xenologous origin) or gene duplication (paralogous origin) that predates the evolutionary radiation of the G. fujikuroi complex. Two highly divergent nonorthologous ITS2 types designated type I and type II were identified and characterized with conserved ITS Accepted for publication October 15, 1997. 1 Email: kodonnell@sunca.ncaur.usda.gov and ITS2 type-specific polymerase chain reaction (PCR) primers and DNA sequence analysis. Only the major ITS2 type is discernible when conserved ITS primers are used; however, a minor ITS2 type was amplified from every strain tested with type-specific PCR primers. The evolutionary pattern exhibited by the major ITS2 type is homoplastic when mapped onto the species lineages inferred from the combined nuclear 28S rDNA, mtSSU rDNA, and r3-tubulin gene sequences. Remarkably, the data indicate the major ITS2 type has switched between a type I and type II sequence at least three times during the evolution of the G. fujikuroi complex, but neither type has been fixed in any of the 45 species examined. Twenty-six of the 45 species included in this study represent either new species (23 species), new combinations (E bulbicola and F phyllophilum), or a rediscovered species (F lactis). The results further indicate that traditional sectional and species-level taxonomic schemes for this lineage are artificial and a more natural classification is proposed.
Abstract: Phylogenetic relationships of the phytopathogenic Gibberella fujikuroi species complex were investigated by maximum parsimony analysis of DNA sequences from multiple loci. Gene trees inferred from the 13-tubulin gene exons and introns, mitochondrial small subunit (mtSSU) rDNA, and 5' portion of the nuclear 28S rDNA were largely concordant, and in a combined analysis, provide strong statistical support for a phylogeny consistent with species radiations in South America, Africa, and Asia. These analyses place the American clade as a monophyletic sister-group of an African-Asian clade. Africa is the most phylogenetically diverse area examined with 16 species, followed by America (12 species) and Asia (8 species). The biogeographic hypothesis proposed from the phylogenetic evidence is based primarily on the formation of natural barriers associated with the fragmentation of the ancient super-continent Gondwana. Discordance of the nuclear ribosomal internal transcribed spacer (ITS) based tree with gene trees from the other loci sequenced is due to nonorthologous ITS2 sequences. The molecular evidence suggests the divergent ITS2 types were combined by an ancient interspecific hybridization (xenologous origin) or gene duplication (paralogous origin) that predates the evolutionary radiation of the G. fujikuroi complex. Two highly divergent nonorthologous ITS2 types designated type I and type II were identified and characterized with conserved ITS INTRODUCTION Gibberella fujikuroi (Sawada) Wollenw. is a polytypic species complex with anamorphs in Fusarium. Fusaria within this complex are best noted for many economically-important plant diseases such as the gibberellin-induced "bakanae" or "foolish seedling" disease of Oryza sativa (Sun and Snyder, 1981) , pitch canker of Pinus spp. (Correll et al., 1992) , stalk rot of Zea mays and Sorghum bicolor (Leslie, 1995) , vascular wilt of Cajanus cajan and Cicer arietinum (Booth, 1971) , Ficus carica endosepsis (Subbarao and Michailides, 1993) , and Ananas comosus fruit rot (Bolkan et al., 1979) ; for secondary metabolites such as the gibberellin plant hormones (Cerda-Olmedo et al., 1994) ; and for the production of potent toxins such as fumonisins, moniliformin, fusarin C, fusaric acid (Marasas et al., 1984; Nelson et al., 1992; Leslie, 1995) and beauvericin (Moretti et al., 1996) .
Fusaria have been variously sorted into infrageneric groupings called sections based on similar anamorphic features, but many sections are artificial (O'Donnell, 1993 (O'Donnell, , 1997 O'Donnell and Gray, 1995, Mule et al., 1997) . The G. fujikuroi complex (TABLE  I) is highly controversial taxonomically, as reflected in the widely divergent morphological species concepts (MSC) adopted in traditional morphologybased classification schemes for the genus. Booth (1971) , for example, recognized one species and one variety, Nirenberg (1976) and Gerlach and Nirenberg (1982) six species and four varieties, and Nelson et al. (1983) four species (TABLE I) ; however, in the present synthesis 36 species are recognized within this complex. In the four aforementioned morphology-based taxonomic treatments, species within this complex are classified in section Liseola (Wollenweber and Reinking, 1925) which by definition excludes species that produce chlamydospores. Section Dlaminia was proposed by Kwasna et al. (1991) to accommodate four Liseola-like species described since 1985 that were not classified within section Liseola because they produce chlamydospores. Section Liseola, however, is paraphyletic because three chlamydospore-forming species classified in section Dlaminia (i.e., F dlaminii, F nygamai, and F napiforme) are phylogenetically nested within section Liseola (O'Donnell and Cigelnik, 1997) . E nisikadoi (Nirenberg and Aoki, 1998) would be placed in Liseola on morphological grounds, but this classification would result in the polyphyly of Liseola. Results re-_ a The Gibberella fujiikuroi complex roughly corresponds to section Liseola, but we avoid using this sectional name because it is paraphyletic as currently defined. Furthermore, inclusion of Fusarium nisikadoi (Nirenberg and Aoki, 1998) in Liseola is supported by the morphological evidence but this classification would result in the polyphyly of this section.
b Received misidentified as F udum FRC 0-1116 and 0-1117. c Because F proliferatum is a later synonym of E annulatum, we are preparing a proposal to conserve the well-known species F proliferatum over F annulatum which is known only from a single collection (Bugnicourt, 1952) . d The pine canker pathogen is currently called E subglutinans f. sp. pini (Correll et al., 1992; Viljoen et al., 1995 Viljoen et al., , 1997 .
Incorrectly identified as F lateritium from Ipomoea batatas (Nelson et al., 1995; Clark et al., 1995) . f Three chlamydospore-forming species described since 1985 were not classified in section Liseola but are members of the Gibberella fujikuroi complex: F diaminii (as F damini, (Marasas et al., 19forme (Marasas et al., 1987) , and F nygamai (Burgess and Trimboli, 1986) .
l Note that Nelson et al. (1983) apply the name F moniliforme Sheldon to four different species [F fujikuroi MP-C, F.
phyllophilum, F verticillioides MP-A, and Fusarium thapsinum MP-F]. F verticillioides MP-A has priority over the later synonym F moniliforme.
ported in the present study further indicate that section Dlaminia is polyphyletic because E beomiforme is not a member of this clade. Although genetically distinct biological species called mating populations (MPs) A through G have been identified within the G. fujikuroi complex (Leslie, 1995) , a biological species classification (BSC) has had little impact on the taxonomy of Fusarium. Fusarium binomials are used throughout this paper because Gibberella teleomorphs are known for only nine of the 45 species included in the present study and because binomials have not been proposed for most of the Gibberella teleomorphs. The phylogenetic species concept (PSC; Nixon and Wheeler, 1990) advocated in O'Donnell and Cigelnik (1997) demonstrated a oneto-one correlation between the PSC and BSC which indicates that both concepts represent fundamental taxonomic units. However, results obtained by O'Donnell and Cigelnik (1997) , extended to 45 species in the present study, provide strong support for the view that the PSC offers the best means for describing the phyletic diversity and evolutionary relationships within Fusarium. In prior molecular systematic studies, partial nuclear 28S rDNA (Guadet et al., 1989; Peterson and Logrieco, 1991) and ribosomal internal transcribed spacer (ITS) restriction length fragment length polymorphism (RFLP) and sequence data (Waalwijk et al., 1996a, b) were used to infer phylogenetic relationships within Fusarium; however, the extent of RFLP and sequence variation was insufficient to distinguish biological species within the G. fujikuroi complex. Randomly amplified polymorphic data (RAPD; Voigt et al., 1995; Amoah et al., 1996) and isozyme variation (Huss et al., 1996) distinguishes biological species within this complex, but these data are too homoplastic (i.e., similarities due to convergence, parallelism, and reversal rather than from evolution by common descent) to infer phylogenetic relationships (O'Donnell and Cigelnik, 1997) .
Published molecular phylogenies have demonstrated the utility of sequences from the nuclear gene for 13-tubulin (Tsai et al., 1994; Schardl et al., 1994) , and the mitochondrial small subunit (mtSSU) rDNA (LoBuglio et al., 1993; Hibbett and Donoghue, 1995) at the interspecific level in fungi. A highly resolved phylogeny was recently inferred for 17 species within the G. fujikuroi complex and its putative sister-group, F oxysporum Schlecht., from DNA sequence data from multiple unlinked loci, including the mtSSU rDNA, 5' portion of the nuclear 28S rDNA, and 13-tubulin gene exons and introns (O'Donnell and Cigelnik, 1997) . Surprisingly, O'Donnell and Cigelnik (1997) demonstrated that every strain of the Fusarium species tested possesses two highly divergent ITS2 sequences that exhibit a homoplastic pattern of evolution when mapped onto the species lineages inferred from the combined nuclear 28S rDNA, mtSSU rDNA and r3-tubulin gene sequence data. The available data suggest that the ITS2 types were combined either by an ancient interspecific hybridization (xenologous origin) or gene duplication (paralogous origin) that predates the evolutionary radiation of the G. fujikuroi complex. In that study, two divergent nonorthologous (i.e., homologs that did not arise via speciation), intragenomic ITS2 types were shown to exhibit a long persistence time, having escaped from concerted evolution across many speciation events. Although rDNA multigene families are best known for the high degree of intraspecific homogeneity as a result of evolving together by concerted evolution , the remarkable and unexpected discovery of highly divergent nonorthologous ITS2 types appears to counter the concerted evolution dogma. In addition, polymorphisms within the intergenic spacer (IGS) rDNA of F oxysporum also indicate that this region of the nuclear rDNA has escaped concerted evolution (Appel and Gordon, 1996) .
The goal of the present research is to use DNA sequence data from multiple loci on a much-expanded dataset (Appendix I), including more taxa and characters, to further assess the phylogenetic relationship of the Gibberella fujikuroi and Fusarium oxysporum complexes (O'Donnell and Cigelnik, 1995, 1997) , to infer phylogenetic relationships within the G. fujikuroi complex in order to critically evaluate species-level systematics within this agronomically-important monophyletic lineage, to formulate a biogeographic hypothesis to investigate the patterns of speciation and evolutionary origins of these plant pathogens, and to investigate the evolution of ITS2 polymorphisms further in the context of a robust molecular phylogeny. The "gene tree/species tree" problem illustrated by the ITS2 polymorphisms is particularly significant because the ITS region has been used extensively in species-level molecular systematic studies on a wide range of fungi, plants, and animals (Tsai et al., 1994; Waalwijk et al., 1996b; Baldwin et al., 1995; Wendel et al., 1995a; Vogler and DeSalle, 1994) .
MATERIALS AND METHODS
Material studied. -All strains listed in Appendix I are stored cryogenically at -175 C or by lyophilization in the ARS Culture Collection (NRRL), NCAUR, Peoria, Illinois. The ingroup taxa were chosen to represent the complete range of taxonomic and phylogenetic variation within the G. fujikuroi complex. All mating experiments were conducted as described in Klittich and Leslie (1992) .
DNA extraction.-Mycelium for DNA extraction was grown in yeast-malt broth (0.3% yeast extract, 0.3% malt extract, 0.5% peptone, 2% dextrose), harvested and lyophilized (O'Donnell, 1992) . DNA was extracted using a modification of the SDS miniprep method of Raeder and Broda (1985) described in O'Donnell (1993) . This phenol-based protocol was subsequently replaced with a CTAB (hexadecyltrimethylammonium bromide; Sigma Chemical Co., St. Louis) miniprep (Gardes and Bruns, 1993 ) modified slightly. Lyophilized mycelium (-50 mg) was pulverized in a 1.5-ml microfuge tube with a pipet tip, resuspended in 600-800 IJL of a CTAB extraction buffer (100 mM Tris-Cl pH 8.4, 1.4 M NaCl, 25 mM EDTA pH 8.0, 2% CTAB) and incubated at 65 C for 30-60 min. After the extraction step, an equal volume of chloroform was added to each tube, vortexed briefly, and then spun for 10 min at 12 300 g in a microfuge (Savant, Holbrook, New York). The upper phase was transferred to a 1.5-ml microfuge tube where the DNA was precipitated by the addition of 600 pL of -20 C isopropanol. After the DNA was pelleted at 12 300 g for 5 min, the supernatant was discarded and the DNA pellet was gently washed with 70% ethanol and resuspended in 100 pL TE buffer (10 mM TrisCl pH 8.0, 1 mM EDTA pH 8.0) by heating in a 65 C block for about 30 min. Once the DNA pellet was completely dissolved, 4 FLL of genomic DNA was added to 1 mL of either double-distilled H,O or TE/10 (10 mM Tris-Cl pH 8.0, 0.1 mM EDTA pH 8.0) and used as a template for amplification by the polymerase chain reaction (PCR).
PCR and DNA sequencing.-Conditions for PCR have been described (O'Donnell and Cigelnik, 1997) . To obtain readable sequence data of the minor ITS2 and f3-tubulin gene from a few species, PCR products were cloned with the Prime PCR Cloner Kit (5' -> 3', Inc.; Boulder, Colorado). A quick PCR miniprep (J. W. Taylor, pers. comm.) was used to amplify the cloned insert out of the vector with the external PCR primer pair. A pipet tip was touched to a recombinant bacterial colony and the tip was immersed briefly in a PCR tube containing the complete PCR mixture prior to amplification via PCR. PCR fragments were sequenced as described below.
Locations of the nuclear ribosomal DNA PCR and sequencing primers are indicated in FIG. 2 ; maps showing locations of the (3-tubulin gene and mtSSU rDNA primers are presented in O'Donnell and Cigelnik (1997). The nuclear ribosomal DNA internal transcribed spacer (ITS) region and 5' end of the 28S rDNA gene spanning domains Dl and D2 were amplified with the ITS5 and NL4 primer pair (White et al., 1990; O'Donnell, 1993) , (3-tubulin gene with T1 and T22 (O'Donnell and Cigelnik, 1997) , and mtSSU rDNA with MS1 and MS2 (White et al., 1990) in a Perkin Elmer 9600 thermal cycler using the fastest ramp times as follows: 35 to 40 cycles of 30 s at 94 C, 30 s at 52 C, and 90 s at 72 C, followed by a 4 C soak. The ITS5 X NL4 primer pair amplify the major ITS2 type from each species. Multiple strains of every species tested contain a second, minor ITS2 type recovered with ITS2 type I (IF) or type II-specific (IIF) PCR primers paired with NL4 (FIGS. 3, 4). Typespecific reverse primers nested in the ITS2 (IR 5'-GCCAGTCCCAACACCAAGCTG; and IIR 5'-CGA-TCCCCAACACCAAACCCG) were paired with the forward primer ITS5 in separate PCR experiments to determine whether polymorphisms were present within the ITS1 region contiguous with the minor type I and type II ITS2 (O'Donnell and Cigelnik, 1997) . PCR cycling conditions with the type-specific primers were the same as above except that the annealing temperature was elevated to 64 C. Following PCR, amplified DNA was purified with GeneClean II and both strands were sequenced with the PerkinElmer Applied Biosystems (Foster City, California) Taq DyeDeoxy Terminator cycle sequencing kit with AmpliTaq DNA polymerase FS in a Perkin Elmer 9600 thermal cycler programmed with the fastest ramp times as follows: 25 cycles of 15 s at 96 C and 4 min at 55 C, followed by a 4 C soak. Twelve sequencing primers were used to sequence the nuclear rDNA (White et al., 1990; O'Donnell, 1996) , ten for the 13-tubulin gene (O'Donnell and Cigelnik, 1997) , and four for the mtSSU rDNA (O'Donnell, 1996) . Sequencing reaction mixtures were purified by gel filtration through 2 ml spin columns (5' --3', Inc.; Boulder, Colorado) containing super-fine Sephadex G-50 (Pharmacia; Piscataway, New Jersey) equilibrated in double-distilled H20. Sequencing reactions were run on an Applied Biosystems 373A DNA sequencer in a 6% gel mix (BioRad; Richmond, California) in 1 X TBE buffer (22 mM Na,EDTA, 0.89 M tris base, and 0.89 M boric acid).
Phylogenetic analysis. -DNA sequences were aligned visually with the QEdit Version 2.15 DOS text editor software program (SemWare; Marietta, Georgia). Sequences of the 45 exemplars have been deposited in GenBank under the following accession numbers: U34413-U34421, U34423-U34428, U34430-U34435, U34438-U34447, U34449-U34454, U34456-U34461, U34468-U34476, U34478-U34483, U34485-U34490, U34497-U34505, U34507-U34512, U34514-U34519, U34526-U34534, U34536-U34541, U34543-U34548, U34555-U34563, U34565-U34570, U34572-U34577, and U61540-U61695. Sequence alignments are available upon request from the senior author. Phylogenetic relationships were inferred from the aligned sequences for each dataset with PAUP version 3. 1.1 (Swofford, 1993) and MacClade Version 3.01 (Maddison and Maddison, 1992) . Alignment gaps were treated as missing because few were phylogenetically informative. The heuristic search option with 1000 random addition sequences was used to infer maximum parsimony trees. Clade stability was assessed by 1000 bootstrap replications (Hillis and Bull, 1993) and by decay indices (Bremer, 1988; Donoghue et al., 1992) calculated from PAUP tree files containing 32000 trees up to 10 steps longer than the most parsimonious trees (MPT). Other measures, including maximum sequence divergence, tree length, and consistency and retention indices (CI and RI), were calculated with PAUP 3. 1.1 (Swofford, 1993) . The Kishino and Hasegawa (1989) test was used to compare alternative constrained and unconstrained topologies using the DNAML program in PHYLIP 3.55c (Felsenstein, 1993) . Base composition and approximate transition/transversion ratios were derived with MacClade from PAUP tree files consisting of the equally most-parsimonious trees. MacClade (Maddison and Maddison, 1992) was used to map biogeographic origin onto a strict consensus cladogram of the 78 most-parsimonious trees for the G. fujikuroi complex as in Hibbett et al. (1995) . For this analysis, species origin was coded as African (AF), Asian (AS), American (AM), Australian (AU), or equivocal (?). Geographic origins of 12 species, including several that are widespread, were coded as equivocal following the recommendation of Kluge (1988) , and the 5' portion of the nuclear 28S rDNA (4.9%). The 13-tubulin gene copy we sequenced from Fusarium is orthologous with tub2 of F verticillioides (synonym = E moniliforme Sheldon; Yan and Dickman, 1996) and Epichloe' typhina (Pers.) Tul. (Byrd et al., 1990) , and benA of Aspergillus nidulans (Eidam) Wint. (May et al., 1987) . P-tubulin gene introns were over twice as informative as exons, and substitutions within exons were strongly biased towards transitions in the third codon position ( 1A) . Virtually all PCR-amplified DNA fragments were sequenced directly. Heterogenous PCR pools of [3-tubulin gene amplified from F redolens Wollenw. (Wollenweber, 1913) and the minor ITS2 from E annulatum were cloned to obtain readable sequence data. Boundaries of the ITS1, 5.8S rDNA gene, and ITS2 were determined by comparison with published sequences of the ITS region (O'Donnell, 1992) . The ITS region varies in length from 455 bp to 474 bp, including 158 bp of the 5.8S rDNA gene. The length of the ITS1 ranges from 146 bp to 149 bp. The major type II ITS2 is longer (161-167 bp) and has a higher GC% (57%) compared with the major type I ITS2 (151-153 bp; GC% = 52%). Sequence alignment re- quired five independent single base pair insertion/ deletion mutations in the ITS1 and all but one of these occurred in outgroups to the G. fujikuroi complex. Alignment of the major type I and type II ITS2 sequences required 10 independent insertion/deletion mutations (=indels) and 8 of these involved species within the G. fujikuroi complex. Most indels were 1 or 3 bp but the longest was 6 bp in the type I ITS2. The ITS2 sequences were analyzed without a contiguous stretch of 19 ambiguously aligned nucleotides. The ambiguous region includes 12 nucleotides at the 5' end of the type I ITS2-specific primer IF ( Parsimony analysis.-Gene trees inferred from sequences of the ITS1/5.8S rDNA and 5' portion of the nuclear 28S rDNA are largely unresolved (FIG. 2A, C) except for a clade in the 28S rDNA tree consisting ofF. oxysporum and related species (93% bootstrap). The most striking feature of the ITS2 gene tree is that the sequences form two unresolved clusters designated type I and type II (Waalwijk et al., 1996b) nik (1997) were used to amplify a second, minor ITS2 type from one or more strain of all 45 species comprising the complete dataset (FIG. 4B) . As was previously demonstrated for a subset of these taxa (O'Donnell and Cigelnik, 1997), results obtained on multiple isolates indicate that the major and minor ITS2 type is fixed within a species. All species included in this study that were tested possess both type I and type II sequences either as a major or minor ITS2 type (FIGS. 3, 4). Type I and type II ITS2 sequences represent two orthologous sets that appear to be xenologous or paralogous in origin. Distribution of the major ITS2 type among species is slightly biased towards a type I sequence: 27 of 45 species for the entire dataset (60%), 20 of 36 species for the G. fujikuroi complex (55.6%). Gene tree consensus of the type I and type II ITS2 data are unresolved and uninformative for parsimony. The type II ITS2 from F neoceras Wollenw. & Reinking is the most divergent sequence of the minor ITS2 types observed (FIG. 3) . It exhibits microheterogeneity that appears to include type I ITS2 point mutations, suggesting recombination between the two ITS2 types (Wendel et al., 1995b) , but it also includes substitutions that cannot be unequivocally assigned to either a type I or type II sequence (FIG. 3) . PCR and sequence analysis, using the ITS2 type-specific reverse PCR primers paired with the forward primer ITS5, indicated that polymorphisms were absent within the ITS1 region contiguous with the minor ITS2 types.
Two additional loci were analyzed, the [3-tubulin gene exons and introns ( Sequences of the r3-tubulin gene are well-suited for recently diverged groups such as the G. fujikuroi complex. Homoplasy within exons (CI = 0.75) and introns (CI = 0.81) is comparable, but the introns are under more relaxed functional constraints as evidenced by a much higher AT base composition (54% compared with 44% for exons) and the presence of indels. The transition/transversion ratio was very high for exons (7.34 for the G. fujikuroi complex). Parsimony trees inferred from 13-tubulin gene exons and introns, however, were concordant (data not shown). r3-tubulin gene sequences possess 3.5 times more phylogenetic signal than the mtSSU rDNA and this is reflected in a 3-tubulin gene tree with more nodes with higher bootstrap intervals and decay indices (=d) (FIGS. 5, 6). Monophyly of a lineage comprising the G. fujikuroi and F oxysporum complexes, for example, is strongly supported in the 3-tubulin tree (99% bootstrap, d = 10) (FI(G. 5) but this clade received less than 50% support in the mtSSU rDNA tree ( Nine species basal to the G. fujikuroi complex contribute over half of the tree length (602 steps). When the analysis was restricted to the G. fujikuroi complex, 78 most-parsimonious trees (length = 465 steps, CI = 0.74, RI = 0.88) were found. Map of the nuclear ITS rDNA region and 5' portion of the 28S rDNA together with maximum parsimony gene trees inferred by heuristic sea arrows indicate primers used for PCR and sequencing. I = ITS, NL = 28S rDNA. Taxa followed by a solid dot are outgroups to the G. fujikuroi comple trees for the nuclear ITS1/5.8S rDNA sequences. The 5.8S rDNA gene is highly conserved and contributes only two of the 40 steps. B. One of 442 mo ITS2 sequences (58 steps, CI = 0.76, RI = 0.96), excluding an ambiguously aligned 19 bp region. Species form two divergent clusters that correspond t sequences. The distance between the clusters in the ITS2 tree accounts for a tree that is much longer than the ITS1/5.8S tree (18 steps longer, excludin C. One of 59 most-parsimonious trees for the 28S rDNA sequences. Bootstrap intervals above 50% are indicated. MP = mating population or biological s Teleomorphs are known for F udum and E circinatum but they have not been added to the alphabetic MP series. and decay indices were measured to explore relative levels of character support in the combined dataset (FIG. 7) . In general, bootstrap intervals and decay indices (also known as Bremer Support; Davis, 1995) were concordant. Support for many terminal branches was weak as measured by bootstrapping and the decay index. Overall, these values are generally comparable to those observed in the 13-tubulin gene tree (FIG. 5) ; however, several nodes within the African clade received higher measures of clade stability in the combined analysis as did support for an AfricanAsian sister-group (95% bootstrap, d = 5). Of the three major clades identified within the G. fujikuroi complex, the African clade is the most phylogenetically diverse and speciose (16 species), followed by the American (12 species) and Asian (8 species) clades. Results obtained on multiple isolates (Appendix I) demonstrated that each of the nine biological species grouped as a phylogenetically distinct terminal cluster with little intraspecific variation (data not shown). The high level of topological concordance among the 84 most-parsimonious trees is evident from the relationships retained in the strict consensus cladogram inferred from the combined nuclear 28S rDNA, mtSSU rDNA, and p3-tubulin sequence data (FIG. 8) , upon which are mapped the two major ITS2 types and chlamydospore production. The evolutionary pattern exhibited by the major ITS2 type is homoplastic when mapped onto the species lineages (FIG.  8) . The most parsimonious interpretation of these results is that the most recent common ancestor of the G. fujikuroi complex possessed a type I sequence as the major ITS2 type. The major ITS2 type has switched between a type I and type II sequence at least three times during the evolution of this complex (FIG. 8) , but neither type has been fixed within any of the 45 species included in this study. The major ITS2 types are nearly evenly divided between type I (5 species) and type II (4 species) sequences in species basal to the G. fujikuroi complex. Species in all three clades of the G. fujikuroi complex possess a type I sequence as the major ITS2, and within the American clade, type I is the only major type observed. Species with a type II sequence as the major ITS2 are restricted to a subclade within the Asian clade and the basal half of the African clade (FIG. 8) . Chlamydospore production is plesiomorphic for the fusaria included in this study. The most parsimonious interpretation of the phylogenetic evidence is that chlamydospore production has been lost multiple times within the G. fujikuroi complex. Seven of the eight chlamydospore-forming species within the complex are members of the African clade. The only nonAfrican species reported to produce chlamydospores is F bactridioides within the American clade, but this needs to be verified because the only strain of this species in culture (NRRL 20476 = BBA 4748 EXHO-LOTYPE; Wollenweber, 1934) does not produce chlamydospores.
Biogeography.-Geographic origins of species within the G. fujikuroi complex were mapped onto the strict consensus tree (FIG. 9 ) from which were pruned two synonymous species, F. annulatum (synonym = E proliferatum MP-D) and E neoceras (synonym F= E sacchari MP-B). The ancestral area of the G. fujikuroi complex is unknown but the most parsimonious interpretation of the phylogenetic and biogeographic patterns are consistent with a vicariant hypothesis Australian, Fusarium sp. DAR 70287 (NRRL 25807), was mistakenly deposited as the holotype of FE babinda (Summerell et al., 1995) because it is discordant with the protologue. Fusarium sp. DAR 70287, or its most recent ancestor, is inferred to have evolved within the American clade which suggests that this species may have been dispersed to Australia from the Neotropics. In separate analyses we used PAUP to constrain F denticulatum and F verticillioides, two old world pathogens on neotropical hosts, to the American clade. The constrained trees (data not shown) were 49 (514 steps) and 55 (520 steps) steps longer than the 78 most-parsimonious trees (465 steps), respectively, and both monophyly constraint trees were significantly worse than the most-parsimonious tree when tested in maximum likelihood (Felsenstein, 1993 also possess type II and type I sequences, respectively, as the minor ITS2 type. Polymorphisms within the ITS1 region adjacent to the major and minor ITS2 types were not detected with type-specific PCR primers and sequence analysis. The large intertype divergence within the ITS2 region suggests that the types may have been combined as the result of an ancient interspecies hybridization or gene duplication that occurred prior to the evolutionary radiation of the fusaria included in this study. The evolutionary pattern exhibited by the major ITS2 types within the species lineages inferred from three unlinked loci is homoplastic. Gene trees inferred from type I and type II ITS2 sequences are unresolved as are trees from the flanking sequences of the nuclear ITS1 and 28S rDNA. Assuming the ITS2 types were combined by an interspecific hybridization, the xenologous ITS2 could have become established by gene conversion (Sweetser et al., 1994) followed by repeated cycles of unequal sister chromatid exchange (JinksRobertson and Petes, 1993). The evolutionary pattern exhibited by the major and minor ITS2 types mimics bidirectional interlocus concerted evolution in cotton (Wendel et al., 1995a,b) , but differs significantly in that neither type has been fixed in any of the 45 species included in this study. Phylogenetic reconstruction indicates the major ITS2 type has switched between a type I and type II sequence at least three times during the evolutionary history of the G. fujikuroi complex. Homology assessment is complicated in groups where minor potentially nonorthologous rDNA loci have become magnified into major loci which can completely replace orthologous loci during speciation (Dubcovsky and Dvoi"ak, 1995) . The molecular evidence suggests that the major ITS2 type may be under some form of copy number control because it appears to be fixed within a species. Furthermore, selection of the minor ITS2 type is apparently strong and it may provide a buffer against deleterious mutations (Clark, 1994) .
In addition to the results reported here, several studies have shown that rDNA polymorphisms can be missed by sequencing PCR products directly (Wendel et al., 1995b; Baldwin et al., 1995 Sanders et al., 1995) plants (reviewed in Baldwin et al., 1995; Buckler and Holtsford, 1996; Wendel et al., 1995a, b) , beetles (Vogler and DeSalle, 1994) and nematodes (Zijlstra et al., 1995) . Nonorthologous ITS sequences that have been maintained in plants typically span the entire ITS region (Suh et al., 1993 , Ritland et al., 1993 , but in Bubbia (Winteraceae) they are restricted to the ITS1 rDNA (Suh et al., 1993) . Although it was possible to sequence the minor type II ITS2 from F. neoceras directly, we cloned it because its sequence was so divergent, consisting of a mosaic of nucleotides that suggest that type I and type II ITS2 sequences may have recombined (see Wendel et al., 1995b) (FIG. 3) . ITS2 sequences from 9 of the 10 clones were identical to the one we obtained from sequencing the PCR product directly but one clone represented an additional minor ITS2 type. It is unclear whether this minor ITS2 type is part of a rRNA pseudogene (Buckler and Holtsford, 1996) , but if it is, it may be necessary to sequence clones from a range of species to determine whether such pseudogenes are wide-spread in Fusarium. The divergent ITS2 types are unrelated to the three divergent ITS types reported previously for Fusarium sambucinum Fuckel sensu lato (O'Donnell, 1992) which correspond to the following morphological species described recently by Nirenberg (1995) : type A = E torulosum (Berk. & Curt.) Nirenberg, type B = F sambucinum sensu stricto, and type C = F venenatum Nirenberg. Phylogenies inferred from four molecular datasets indicate these species are also phylogenetically distinct (O'Donnell 1997; O'Donnell and Cigelnik, unpubl.) .
The molecular basis for concerted evolution of rDNA genes is unclear as are the mechanisms responsible for long-term persistence or escape from concerted evolution. Long-term persistence of rDNA polymorphisms following hybridization or allopolyplodization has been explained by physical constraints within the genome such as divergence of sequences beyond the point where gene conversion can occur (Li and Graur, 1991) , and the lower efficiency of concerted evolution between rDNA repeats dispersed on nonhomologous chromosomes (Vogler and DeSalle, 1994; Sch6tterer and Tautz, 1994; Copenhaver and Pikaard, 1996a, b) , especially if their chromosomal location is not telomeric. Several studies have demonstrated that dispersed rDNA loci evolve in concert if they are telomeric (Wendel et al., 1995a; Arnheim et al., 1980) . If the ITS2 types are not telomeric, they may flank essential single copy genes whose deletion via unequal sister chromatid exchange would be lethal (Metzenburg et al., 1985) . Appel and Gordon's (1996) suggestion that polymorphisms within the intergenic spacer (IGS) of the nuclear rDNA of F. oxysporum may be due to a much slower rate of concerted evolution within a predominately clonal species could also explain polymorphisms within the ITS. Incomplete homogenization of rDNA repeats in more complex eukaryotes may reflect their longer generation time and larger rDNA loci (Copenhaver and Pikaard, 1996b) , but neither of these apply in Fusarium.
The differential fate of the ITS2 types may reflect competition between nucleolar organizing regions (= NORs; Vaughan et al., 1993; Gecheff et al., 1994) in which one NOR locus is under the active or passive influence of another (i.e., nucleolar dominance). Hybridization experiments have shown that rDNA loci are located on at least two chromosomes in some species of Fusarium (Boehm et al., 1994; Fekete et al., 1993) . Experiments are being conducted to determine whether these correspond to type I and type II ITS2 loci and to estimate their respective copy number. From these studies it should be possible to distinguish between copy number and a possible amplification bias due to PCR selection (Wagner et al., 1994) . Phylogenetic analyses are being extended to all fusaria to determine how ancient and widespread the nonorthologous ITS2 types are within this genus. Pending results from these analyses, phylogenetic relationships inferred from the ITS region as the sole locus within Fusarium should be viewed with caution. Species-level molecular systematic studies frequently employ the rDNA ITS region as the sole locus, but results from this study emphasize the importance of gene-gene concordance and in-depth sampling before making taxonomic revisions (Doyle, 1992) .
Evolution of the Gibberella fujikuroi and Fusarium oxysporum complexes.-Phylogenetic analysis of the combined 28S rDNA, mtSSU rDNA and 13-tubulin gene data provided greater resolution and comparable measures of clade stability, as assessed by bootstrapping and decay indices, than reported previously for a dataset that included 17 of the species in this study (O'Donnell and Cigelnik, 1997) . Major clades that received bootstrap support comparable with those reported in O'Donnell and Cigelnik (1997) include a lineage comprising the G. fujikuroi and F oxysporum complexes, and the African-Asian, African, Asian, and American clades within the G. fujikuroi complex. In addition, F. dlaminii was resolved as the most basal species within the African clade rather than a sister to an Asian clade consisting of F sacchari-F. fujikuroi-F. proliferatum (O'Donnell and Cigelnik, 1997). By comparison, Bruns' et al. (1991) bootstrap analysis of the nuclear 28S rDNA data of Guadet et al. (1989) did not support the monophyly of either the G. fujikuroi complex (section Liseola, 55% bootstrap) or the clade comprising the G. fujikuroi and F oxysporum complexes (i.e., sections Liseola-Elegans, 37% bootstrap). Bruns' result could have been predicted based on the poor resolution we obtained in the 28S rDNA gene tree (FIG. 2C) . Phylogenetic relations inferred for biological species within the G. fujikuroi complex from RAPD (Voigt et al., 1995; Amoah et al., 1996) and isozyme data (Huss et al., 1996) identified F fujikuroi MP-C and E proliferatum MP-D as sister taxa, but relationships of the other species are discordant with our molecular phylogeny. We attribute this disagreement to high homoplasy and the low number of characters in the RAPD and isozyme data.
Although a close phylogenetic relationship of sections Liseola and Elegans has been suggested in traditional morphological-based classification schemes (Booth, 1971; Gerlach and Nirenberg, 1982; Nelson et al., 1983) , section Liseola is paraphyletic as currently defined because it artificially excludes at least 8 species that form chlamydospores. These have been shown by our results to belong to the G. fujikuroi complex. Chlamydospore production, however, is plesiomorphic for the fusaria included in this study; eight of the nine species basal to the G. fujikuroi complex produce chlamydospores. Furthermore, the only outgroup species that does not form chlamydospores, Fusarium nisikadoi (Nirenberg and Aoki, 1998) , would be placed in the artificial section Liseola based on morphology, but the molecular phylogeny does not support this classification. Section Liseola could be redefined to include species that produce chlamydospores, or it could be submerged within section Elegans which has nomenclatural priority over Liseola as practiced by Bilai (1977) , but these taxonomic changes are inadvisable because many other sections within Fusarium are artificial and should be abandoned for a more natural classification (Mule et al., 1997; O'Donnell, 1997) . Other plesiomorphic characters for the G. fujikuroi complex include fumonisin, beauvericin and moniliformin mycotoxin production (Leslie et al., 1992; Moretti et al., 1996; O'Donnell, unpubl.) , suggesting that toxin production may have been a key factor in the evolutionary success of this phytopathogenic lineage.
As reported in O'Donnell and Cigelnik (1997), we observed complete concordance of phylogenetic and biological species within the G. fujikuroi complex which indicates the PSC and BSC identify comparable taxa. Similar concordance of these two species concepts was observed within the Nectria haematococca Berk. & Br. species complex (O'Donnell and Gray, 1995) . Genetic divergence of the biological species within the mtSSU rDNA and (3-tubulin gene trees strongly suggests that the biological species have been reproductively isolated for a long time (Leslie, 1995) . It should be noted, however, that E fujikuroi (MP-C) and F proliferatum (MP-D) exhibit an intermediate level of DNA-DNA complementarity (Ellis, 1988) , and the reproductive barrier may not be complete (Xu et al., 1995) . We are currently using the PSC to extend the BSC within this complex but it is doubtful whether the BSC will ever become widely applicable within the G. fujikuroi complex and related species of Fusarium because teleomorphs are unknown for many species within this lineage and because mating tests are time consuming and often fail even with standard testers. Isozyme variation has been used to identify the seven MPs even if a tester fails, and they are quicker than mating tests (Huss et al., 1996) ; however, it remains to be determined how many of the 36 species within the G. fujikuroi complex can be resolved with the 8 polymorphic loci employed in the study by Huss et al. (1996) . G. fujikuroi teleomorphs are known for only nine of the 45 species (i.e., 20%) included in this study, including F. udum (Rai and Upadhyay, 1982) and F circinatum (Nirenberg and O'Donnell, 1998 ), but we have not added these two species to the alphabetic A through G mating population series (Leslie, 1995) .
The phylogenetic evidence indicates that many morphological species included in this study are polytypic (TABLE I, Appendix I), a result we attribute to their extreme morphological crypsis and divergent taxonomic opinions (Booth, 1971; Gerlach and Nirenberg, 1982; Nelson et al., 1983) . The net result is that competing morphology-based taxonomies have contributed to considerable confusion in the literature regarding host preference and mycotoxigenic potential of species (Leslie, 1995) . Twenty-six of the 45 species included in this study represent, respectively, new species (23 species), new combinations (E phyllophilum and F bulbicola), and a rediscovered species (E lactis). Two phylogenetically distinct species basal to the G. fujikuroi complex (FIG. 7 , Fusarium sp. NRRL 22903 and Fusarium redolens) were identified previously as E oxysporum based on morphology (Donaldson et al., 1995) . Donaldson et al. (1995) noted, however, that these isolates grouped anomalously in a dendrogram based on RFLP analysis of the ITS region. The gene phylogeny reported in this study demonstrates that the anomalous grouping is due to the application of a polytypic species concept for F oxysporum and to the homoplastic pattern of evolution of the nonorthologous ITS2 types. Our results and those of Waalwijk et al. (1996a, b) show the major ITS2 type found in F oxysporum is a type I (FIG. 2B) O'Donnell and Cigelnik (1997) , four independent studies have identified the same two species clusters corresponding to the two divergent, major ITS2 types (Donaldson et al., 1995; Waalwijk et al., 1996a, b; and Anderson, 1994) , thus providing strong support that these results are not due to PCR contamination. Studies such as those of Donaldson et al. (1995) , Edel et al. (1995) , Appel and Gordon (1996), and Waalwijk et al. (1996a, b) also show great potential for identifying morphologically cryptic phylogenetically distinct species within the F. oxysporum species complex.
Molecular systematics of the Gibberella fujikuroi complex.-The 36 species identified within the G. fujikuroi complex formed three strongly supported biogeographically structured clades that have not been identified previously. The African clade is the largest with 16 phylogenetically distinct species but only four of these have been identified as biological species [F verticillioides MP-A (synonym = E moniliforme); Fusarium thapsinum MP-F (Klittich et al., 1997) ; F nygamai MP-G (Klaasen and Nelson, 1996) ; and E udum (Rai and Upadhyay, 1982) ]. The name F moniliforme is rejected primarily because it has always been applied to a multitude of phylogenetically distinct species in the taxonomies of Booth (1971) and Nelson et al. (1983) , and secondarily, because it is a later synonym of F verticillioides (Nirenberg, 1976; Greuter et al., 1994) . Only two of the 16 African species are currently classified within section Liseola, E verticillioides MP-A and Fusarium thapsinum MP-F (Klittich et al., 1997 ). F dlaminii (published as F dlamini, Marasas et al., 1985 and E napiforme (Marasas et al., 1987) were excluded from section Liseola because they produce chlamydospores; F phyllophilum was previously considered a variety of F proliferatum (FE proliferatum (Matsushima) var. minus Nirenberg sensu Gerlach and Nirenberg, 1982) or a synonym of E moniliforme (Nelson et al., 1983) ; and F lactis, a distinctive fig pathogen with short-chained microconidiophores, was recognized by Wollenweber and Reinking (1935) but has been misidentified as F moniliforme (Subbarao and Michailides, 1993) and F proliferatum (Marasas et al., 1995) . F udum is the only other validly published species within this clade but it has never been classified within section Liseola because it produces chlamydospores. Descriptions for seven of the eight undescribed species are given in accompanying papers (Nirenberg and O'Donnell, 1998; Nirenberg et al., 1998) . Five of the species being described were received misidentified as follows: E acutatum received as F udum; F denticulatum from Ipomoea batatas as F. lateritium Nees:Fr. (Nelson et al., 1995; Clark et al., 1995) ; F ramigenum from Ficus carica as F. moniliforme (Subbaro and Michailides, 1993) ; F pseudonygamai from Pennisetum typhoides as F nygamai (Marasas et al., 1988a, b; Nelson et al., 1992) ; F pseudocircinatum on Solanum sp. from Ghana as F sacchari var. sacchari, on Heteropsylla incisa (Homoptera: Psyllidae) from Papua New Guinea as E subglutinans, and on Pinus kesiya from the Philippines as F moniliforme var. subglutinans. Two phylogenetically distinct African species, E brevicatenulatum on Striga asiatica from Madagascar and E pseudoanthophilum on Zea mays from Zimbabwe, are described in Nirenberg et al. (1998) . Fusarium sp. NRRL 25221 on Z. mays from Zimbabwe will be described separately.
The Asian clade is the smallest with eight phylogenetically distinct species but this may be a sampling artifact. Teleomorphs are known for only three species: F sacchari MP-B, F fujikuroi MP-C, and F proliferatum MP-D. The ex-type strain of E neoceras cannot be identified morphologically (Gerlach and Nirenberg, 1982) but the molecular evidence indicates that this species is a later synonym of E sacchari, a result corroborated by mating experiments with F sacchari tester strains with which it is highly fertile. Given the long branch that supports E sacchari, this species may have evolved in New Guinea, the area of endemism of its primary host Saccharum officinarum (sugarcane; Simpson and Ogorzaly, 1995) . Additional sampling within this clade may help clarify its sister-group relationships and biogeography. Because the molecular phylogenetic evidence strongly indicates F proliferatum is a later synonym of F annulatum, we are preparing a proposal to conserve E proliferatum over F annulatum which is known from only one collection (Bugnicourt, 1952) . Only one of the five phylogenetically distinct species identified within this clade is being described (Nirenberg and O'Donnell, 1998) , F concentricum from the Asian endemic host Musa sp. (banana) and the brown plant hopper, Nilaparvata lugens [Homoptera: Delphacidae] . The other three species [NRRL 25226 on Mangifera indica from India (Kumar et al., 1993) , NRRL 25303 on Oryza sativa from Japan, and NRRL 25309 on Triticum aestivum from Japan] will be described subsequently. Fusarium globosum Rheeder et al. (1996) was recently described from Z. mays in southern Africa; however, this species is probably endemic to Asia because it has been isolated on Triticum aestivum in Japan and it is deeply nested within the Asian clade in our molecular phylogeny.
The American clade contains 12 phylogenetically distinct species but only two of these have been reported to produce a teleomorph, F. subglutinans MP-E and F circinatum (Nirenberg and O'Donnell, 1998; Viljoen et al., 1997) . Three new species within this clade are being described and one new combination is being made in Nirenberg and O'Donnell (1998) : E guttiforme on Ananas comosus from collections in Brazil, England, and Hawaii (Bolkan et al., 1979) received as E moniliforme Sheldon var. subglutinans Wollenw. & Reinking ATCC 38067 = NRRL 25037, F subglutinans MRC 6784 = NRRL 25624, and E sacchari var. sacchari CBS 184.29 = NRRL 22945); F begoniae on Begonia elatior from Germany but at least one parent of this hybrid is from South America; E bulbicola on Nerine bowdenii bulbs represents a new combination for F sacchari (Butler) W. Gams var. elongatum Nirenberg to eliminate the polyphyly of F sacchari (Gerlach and Nirenberg, 1982) ; and E circinatum from pitch canker of Pinus spp. received as F subglutinans (Wollenw. & Reinking) Nelson et al. f. sp. pini (Correll et al., 1992; Viljoen et al., 1995 Viljoen et al., , 1997 and F subglutinans (Kuhlman et al., 1978) . The pine isolates were reported to be interfertile with F subglutinans (Kuhlman et al., 1978) but the phylogenetic evidence reported here and by Viljoen et al. (1997) , coupled with the inability to reproduce the mating experiments of Kuhlman et al. (1978) (T. Gordon pers. comm.; O'Donnell, unpubl.), indicate that E circinatum and F subglutinans MP-E are not members of the same biological species. Of the species we sampled, F subglutinans MP-E is most closely related to F bactridioides, a species treated as a synonym of F sambucinum (Nelson et al., 1983) or as a distinct species in section Discolor (Wollenweber, 1934; Gerlach and Nirenberg, 1982) . Crosses between the ex-type strain of F. bactridioides and FE subglutinans MP-E testers resulted in aberrant, immature perithecia but no asci or ascospores (O'Donnell, unpubl.) . E bactridioides' morphology and nutritional mode as a putative pathogen of the rust Cronartium conigenum is unlike any other member of the G. fujikuroi complex but the molecular evidence indicates that it may have evolved from a F subglutinans-like ancestor. The three remaining species (NRRL 25195 on wood from Venezuela, NRRL 25204 on palm from Venezuela, and NRRL 25346 on Ipomoea batatas from Peru) will be described later. E denticulatum and Fusarium sp. NRRL 25346 were received misidentified as F lateritium from Ipomoea batatas (Nelson et al., 1995; Clark et al., 1995) , but both species are phylogenetically distinct and the molecular evidence indicates that they have evolved within separate clades: F denticulatum in the African clade and Fusarium sp. NRRL 25346 in the American clade. The taxonomic status of F anthophilum was recently challenged (Chen, 1994) , in part from the results of Ellis' (1988) DNA-DNA hybridization experiments, but this challenge is in error because the strains employed in the study of Ellis (1988) were misidentified through use of polytypic species concepts (Nelson et al., 1983 ; NRRL 13330 = FRC M-1262 received as E anthophilum and NRRL 13571 = ATCC 38480 received as G. fujikuroi var. subglutinans both are F sacchari MP-B). E babinda was recently described from forest soils in Australia but it was not classified within section Liseola because it produces chlamydospores (Summerell et al., 1995) . We have examined authentic cultures of this species (NRRL 25539 and 25540) and have determined that the holotype of F babinda, here referred to as Fusarium sp. DAR 70287, is an unrelated, phylogenetically distinct species which does not fit the protologue. Fusarium sp. DAR 70287, or its ancestor, appears to have evolved within the American clade. One prediction of this hypothesis is that this species might be extant in similar habitats in South America.
Biogeography of the Gibberella fujikuroi complex.-The biogeographic hypothesis proposed from the phylogenetic evidence suggests that the biota area cladogram reflects vicariant events associated with the fragmentation of Gondwana in the upper Cretaceous through the Paleocene over the last 100 million years (Raven and Axelrod, 1974; Weijermars, 1989; Smith et al., 1994) . Concordant biological and geological area cladograms fit the prediction of a Gondwanic history and, as expected, exhibit the following sister relations: ((American) (African, Asian)). Molecular clock estimates from calibration of the nuclear small subunit 18S rDNA (Berbee and Taylor, 1993) are consistent with the vicariant hypothesis which suggests that Fusarium evolved approximately 110 Mya.; however, additional estimates of divergence times are needed (Simon et al., 1993) . The ancestral area of the G. fujikuroi complex may have been Africa where it is the most speciose and phylogenetically diverse. Biogeographical interpretation of the data has been complicated considerably due to dispersal of the agronomically important host plants by humans. In addition, at least one putative long-distance trans-Pacific jump dispersal may not have involved humans. The geographic origin of Fusarium sp. DAR 70287 was coded as Australian, but the most parsimonious interpretation of the data suggests that either this species or its ancestor's area of endemism is in the Neotropics. When the geographic origin of Fusarium sp. DAR 70287 was coded as American (data not shown), likely geographic origins of all 12 equivocal species were resolved by MacClade (Maddison and Maddison, 1992) . Geographic origins of seven of the nine species resolved by MacClade could have been predicted from the area of endemism of the host plant, but taxa dispersed by humans on economically important plants were coded in a neutral manner (= equivocal) as recommended by Kluge (1988) . The geographic origin of F acutatum is problematical because four isolates came with incomplete host data. However, a fifth isolate from India on the African endemic, Cajanus cajan, suggests that this pathogen may have been introduced to Asia on this host as also predicted for F udum. One prediction of the biogeographic hypothesis (FIG. 9) is that F acutatum should be present in Africa because it is rooted in the African clade.
In all but two instances hosts and pathogens appear to have been moved simultaneously from one biogeographic region to another. For example, the African species F ramigenum and E lactis appear to have been moved from northern Africa, the area of endemism of their host Ficus carica, to California where calimyrna and wild figs have been cultivated for the past 100 years. The two exceptions involve Neotropical hosts infected with Paleotropical pathogens. Zea mays and Ipomoea batatas may have been moved from the Neotropics to Africa where F verticillioides and F denticulatum, respectively, switched to these Neotropical host species brought into contact with them by humans. We further theorize that once they became established as seed-borne pathogens, F verticillioides and F denticulatum became widespread as their respective hosts were cultivated panglobally. Results from analyses of vegetative compatibility groups within F denticulatum (Clark et al., 1995) are consistent with an African origin because isolates from this region exhibit the greatest genetic diversity. In addition, maximum likelihood analyses of parsimony trees constraining F denticulatum and F verticillioides to the American clade were significantly worse than the most-parsimonious tree (data not shown). Based on the host's ancestral area, F verticillioides MP-A "center of origin" has been theorized to be Central America (Klittich and Leslie, 1992) . However, our phylogenetic hypothesis supports an African origin for F verticillioides and contradicts the suggestion that it has coevolved with Zea mays (Leslie, 1995) . Rigorous tests of our vicariant biogeographic hypothesis are needed to address this and other questions directed towards understanding the evolutionary history of the G. fujikuroi complex. Towards this end, area cladograms are being constructed for the F oxysporum and Nectria haematococca species complexes (Van Etten and Kistler, 1988; O'Donnell and Gray, 1995) to determine whether similar patterns of vicariance are present within these important plant pathogenic lineages.
Fusarium's importance as a mycotoxigenic phytopathogen provides a strong economic incentive for the development of a phylogenetically based classification because a natural system offers the greatest predictive value for investigating all aspects of its biology. The G. fujikuroi complex molecular phylogeny inferred from three unlinked loci in this study provides a testable hypothesis for investigating evolution of morphology, mycotoxins, biogeography, and species boundaries. Future studies will include a cladistic analysis of morphological data directed at understanding the evolution of phenotypic characters that have been used in classifying the fusaria in an effort to distinguish between phylogenetically informative and homoplastic characters. In order for these systematic studies to effect stable taxonomic revision, it will be necessary to provide users such as plant pathologists and mycotoxicologists with the systematic tools that are derived from a synthesis of genotypic and phenotypic data. Towards this end, a dichotomous key to species is provided in an accompanying paper (Nirenberg and O'Donnell, 1998) . Schardl for numerous constructive criticisms and suggestions. Names are necessary to report factually on available data; however, the USDA neither guarantees nor warrants the standard of the product, and the use of the name by USDA implies no approval of the product to the exclusion of others that may also be suitable.
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